Cholecalciferol (vitamin D 3 ) has been used as a feed additive to regulate calcium (Ca) and phosphorus (P) metabolism and bone development in animals for many years. Vitamin D 3 undergoes 25-hydroxylation in animal livers to transform ). The commercial 25-OH-D3 has been produced and approved for use in poultry and swine feed in China in 2014.
INTRODUCTION
vitamin D derivatives. In fact, the differences in growth and mineralization among the femur, tibia, and metatarsus in poultry have been observed (Applegate and Lilburn, 2002; Goetting-Fuchs et al., 2012; Han et al., 2015) . The femur and metatarsus should also be used as criteria to evaluate the RBV of 25-OH-D 3 to vitamin D 3 .
Therefore, the present study was conducted to investigate the effects of 25-OH-D 3 and vitamin D 3 on the growth performance and development of the femur, tibia, and metatarsus and to re-evaluate the RBV of 25-OH-D 3 to vitamin D 3 in broilers fed with Ca-and P-deficient diets.
MATERIALS AND METHODS

Birds, diets, and management
All of the procedures adopted in this study were approved by the Animal Care Committee of Shangqiu Normal University.
On the day of hatch, 450 female Ross 308 broiler chickens were assigned to nine treatments, with five replicates of ten birds each. The initial body weight of broiler chickens was 46.5±1.9 g. Birds from 1 to 13 d of age were reared in stainless steel starter cages (70 cm×70 cm×30 cm). At 14 d, the broilers were transferred to stainless steel grower cages (190 cm×50 cm×35 cm). The basal diet contained 0.50% Ca and 0.25% non-phytate phosphorus (NPP) and was not supplemented with vitamin D. Vitamin D 3 was fed at 0, 2.5, 5.0, 10.0, and 20.0 μg/kg and 25-OH-D 3 was fed at 1.25, 2.5, 5.0, and 10.0 μg/kg. The birds were provided mash diet (Table 1) 
25-OH-D 3 and vitamin D 3
Crystalline 25-OH-D 3 (98%) and vitamin D 3 (99%) were supplied by Changzhou Book Chemical Co., Ltd. (Changzhou, China) and Jiaxing Tianhecheng Biological Technology Co., Ltd. (Jiaxing, China), respectively. The 25-OH-D 3 and vitamin D 3 solutions were prepared by the method of Biehl and Baker (1997) . Crystalline 25-OH-D 3 and vitamin D 3 were weighed and dissolved in ethanol. Then, they were diluted to a final concentration of 10 mg/L of 25-OH-D 3 or vitamin D 3 in a solution of 5% ethanol and 95% propylene glycol. After the preparation, the solution of 25-OH-D 3 or vitamin D 3 was added to the diets.
Sample collection
The birds were weighed on d 21 after 12 h of fasting. Ten chicks per treatment were randomly selected for the collection of blood, femur, tibia, and metatarsus. Plasma samples (5 mL) were collected through cardiac puncture and centrifuged for 10 min at 3,000×g at 20°C. The birds were killed after collecting the blood samples. The femur, tibia, and metatarsus of the individual birds were excised and frozen at -20°C for analysis.
Sample analysis
Plasma Ca and inorganic phosphorus (Pi) were determined using a Shimadzu CL-8000 analyzer (Shimadzu Corp., Kyoto, Japan) following the instructions of the manufacturer.
The left femur, tibia, and metatarsus were boiled for 5 min to loosen the muscle tissues using the method of Hall et al. (2003) . The meat, connective tissue, and fibula bone were completely removed using scissors and forceps. The bones were placed in a container of ethanol for 24 h (removing water and polar lipids) after cleaning. Afterward, the bones were further extracted in anhydrous ether for 24 h (removing non-polar lipids). The bones were dried at 105°C for 24 h before weighing. The bone ash content was determined by ashing the bone in a muffle furnace for 48 h at 600°C.
The right tibia was utilized to analyze the breakingstrength, which was determined using an all-digital electronic universal testing machine (Shenzhen Hengen Instrument Co. Ltd., Shenzhen, China). The tibias were cradled on two support points measuring 4 cm apart. Force was applied to the midpoint of the same face of each tibia using a 50 kg load cell with a crosshead speed of 10 mm/min (Jendral et al., 2008) . Dietary and bone Ca were determined by the ethylene diamine tetraacetic acid titration method, and P was determined by photometric methods after reaction with ammonium molybdate and ammonium metavanadate (Han et al., 2013) .
Statistical analysis
Replicate means are the experimental units in the statistical analysis. Data were analyzed with a general linear model of the SAS software (SAS Institute, 2002) . The RBV of 25-OH-D 3 was determined using vitamin D 3 as the standard source by the slope ratio method (Littell et al., 1997) . Feed intake differed for the dietary treatments so that vitamin D intake rather than vitamin D content was used as the independent variable for regression analysis. The model is as follows: y = a+b 1 x 1 +b 2 x 2 , where y is the response, x 1 is vitamin D 3 intake, x 2 is 25-OH-D 3 intake, a is the intercept, and b 1 and b 2 are the slope of vitamin D 3 and 25-OH-D 3 , respectively. Orthogonal comparisons were performed to determine the linear and quadratic effects of the 25-OH-D 3 or vitamin D 3 levels on growth performance and bone mineralization. The basal diet treatment was included for both vitamin D 3 and 25-OH-D 3 when conducting orthogonal polynomial contrast test. Means were compared by conducting Tukey test when probability values were significant (p<0.05).
RESULTS
Growth performance
Dietary 25-OH-D 3 linearly affected body weight gain (BWG), feed intake (FI), feed efficiency, and mortality in 1-to 21-d-old broiler chickens (p<0.05, Table 2 ). Vitamin D 3 levels also influenced the above parameters (p<0.05). 25-OH-D 3 or vitamin D 3 did not affect the plasma Ca or Pi concentration (p>0.05).
Bone mineralization
The femur, tibia, and metatarsus are three leg bones in poultry. They reflect the body bone quality of birds. The linear relationships between the level of 25-OH-D 3 or vitamin D 3 and the weight, length, ash weight, and the percentage of ash, Ca, and P of the femur in broiler chickens were observed (p<0.05, Table 3 ).
Dietary 25-OH-D 3 or vitamin D 3 linearly improved the tibia breaking-strength (p<0.05, Table 4 ). Similar results were observed in the relationship between the level of 25-OH-D 3 or vitamin D 3 and the weight, length, ash weight, and the percentage of ash, Ca, and P of the tibia.
Increasing the 25-OH-D 3 or vitamin D 3 level linearly increased the weight, length, ash weight, and the percentage of ash, Ca, and P of the metatarsus (p<0.05, Table 5 ).
Relative bioavailability of 25-OH-D 3 to vitamin D 3
The slope ratio method was used to evaluate the RBV of 25-OH-D 3 to vitamin D 3 in broiler chickens (Table 6 ). Vitamin D 3 and 25-OH-D 3 intake was used as the independent variable for regression analysis. The slopes of 
DISCUSSION
Previous research has shown that vitamin D 3 levels linearly improve growth and bone quality when broilers are fed with Ca-and NPP-deficient diets; by contrast, growth is quadratically or not significantly affected by vitamin D 3 levels when the Ca and NPP contents are sufficient (Aburto et al., 1998; Baker et al., 1998; Rao et al., 2009 ). Thus, the Ca-and NPP-deficient diet was designed in the present study. The optimal dietary Ca to NPP ratio is 2.0 to promote growth performance and bone mineralization in broiler chickens (Bar et al., 2003; Rao et al., 2007) . Therefore, the Ca and NPP levels were 0.50% and 0.25%, respectively. In the comparison of 25-OH-D 3 to vitamin D 3 at the 3.125 μg/kg level, the RBV of 25-OH-D 3 to vitamin D 3 ranged from 1.08 to 4.00 in broiler breeder hens (Atencio et al., 2005) . However, no statistical differences in the performance between 25-OH-D 3 and vitamin D 3 were observed when their level reached 12.5 μg/kg in hens (Atencio et al., 2005) or 50 μg/kg in broiler chickens (Fritts The optimal level of 25-OH-D 3 was 10 µg/kg for promoting bone ash in broiler chicken diets (Goodgame et al., 2011) . Thus, the level of 25-OH-D 3 ranged from 1.25 to 10 µg/kg in the present study. No significant differences were observed in the tibia ash, breaking-strength, and the contents of Ca and P among the broilers fed with vitamin D 3 ranging from 25 to 1,000 µg/kg (Han et al., 2013) . Therefore, vitamin D 3 levels were lower than those of our previous research (Han et al., 2013) and were at 2.5, 5, 10, and 20 µg/kg in the present study. Our results revealed the linear relationship between the 25-OH-D 3 or vitamin D 3 level and the performance or bone mineralization in broiler chickens.
The positive effects of 25-OH-D 3 or vitamin D 3 on growth performance and tibia weight, breaking-strength, and the percentage of ash, Ca, and P in broiler chickens have been observed (Fritts and Waldroup, 2003; Rao et al., 2006; Han et al., 2012) . The improvement of vitamin D derivatives on performance and bone of birds was caused by the increase of Ca and P utilization. Research has shown that addition of vitamin D 3 (Qian et al., 1997) , 25-OH-D 3 (Ledwaba and Roberson, 2003) , 1α-OH-D 3 (Shirley, 2003; Han et al., 2012) , or 1,25-(OH) 2 -D 3 (Edwards, 2002) improves the retention of Ca and P in broiler chicken diets.
Previous research has shown that when bone ash was used as criteria, the RBV of 25-OH-D 3 to vitamin D 3 ranged from 1.0 to 2.5 (Soares et al., 1995) . The RBV was from 1.11 to 1.38 in broiler breeder hens (Atencio et al., 2005) . The present study showed that the RBV of 25-OH-D 3 to vitamin D 3 is approximately 2.03 for promoting growth performance and bone mineralization in 1-to 21-d-old broiler chickens. The differences in RBV values among the criteria were observed. Tibia gave the highest RBV of 25-OH-D 3 to vitamin D 3 (2.22) and followed by femur (2.07). The BWG and metatarsus criteria yielded the lowest values (1.85).
CONCLUSIONS
The present study indicates that the average RBV of 25-OH-D 3 to vitamin D 3 is approximately 2.03 (namely 203%) for promoting growth performance and bone mineralization in 1-to 21-d-old broiler chickens fed with Ca-and Pdeficient diets.
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